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The four diversion tunnels at Jinping II hydropower station represent the deepest underground project
yet conducted in China, with an overburden depth of 1500e2000 m and a maximum depth of 2525 m.
The tunnel structure was subjected to a maximum external water pressure of 10.22 MPa and the
maximum single-point groundwater inﬂow of 7.3 m3/s. The success of the project construction was
related to numerous challenging issues such as the stability of the rock mass surrounding the deep
tunnels, strong rockburst prevention and control, and the treatment of high-pressure, large-volume
groundwater inﬁltration. During the construction period, a series of new technologies was developed for
the purpose of risk control in the deep tunnel project. Nondestructive sampling and in-situ measurement
technologies were employed to fully characterize the formation and development of excavation damaged
zones (EDZs), and to evaluate the mechanical behaviors of deep rocks. The time effect of marble fracture
propagation, the brittleeductileeplastic transition of marble, and the temporal development of rock
mass fracture and damage induced by high geostress were characterized. The safe construction of deep
tunnels was achieved under a high risk of strong rockburst using active measures, a support system
comprised of lining, grouting, and external water pressure reduction techniques that addressed the
coupled effect of high geostress, high external water pressure, and a comprehensive early-warning
system. A complete set of technologies for the treatment of high-pressure and large-volume ground-
water inﬁltration was developed. Monitoring results indicated that the Jinping II hydropower station has
been generally stable since it was put into operation in 2014.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Jinping II hydropower station is locatedat the Jinpingbendon
the Yalong River, which is at the junction of three counties (Muli,
Yanyuan, andMianning) in the Liangshan Yi Autonomous Prefecture
of SichuanProvince, China. The course of the river bend itself is about
150 km in length as it winds around Jinping Mountain, over which
the elevation drops 310 m. However, if passing directly through the
mountain, the distance between the two sides of the bend is only
about 16 km. To take advantage of this beneﬁcial condition for hy-
droelectric production, the Yalong River is diverted through four
diversion tunnels passing through the mountain. The Jinping II hy-
dropower station consists of three major parts: the sluice, the
diversion system, and theundergroundpowerhouse, as illustrated inf Rock and Soil Mechanics,
ics, Chinese Academy of Sciences
censes/by-nc-nd/4.0/).Fig.1. This hydropower station is a low-gate, long-tunnel, and large-
capacity diversion-type power stationwith a total installed capacity
of 4800 MW. The total excavation volume of the underground con-
struction in this project is approximately 13.2  106 m3. The diver-
sion tunnels, powerhouse chambers, transportation tunnels, adits,
drainage tunnels, and other tunnels cross each other and form an
enormously complex large-scale group of tunnels.
The Jinping II hydropower station is composed of seven parallel
tunnels, including the four diversion tunnels, two auxiliary tunnels,
and one drainage tunnel. Each of the tunnels is approximately
16.67 km in length, and the total length of the tunnels is approxi-
mately 118 km. The tunnel boring machine (TBM) was employed in
the excavation of diversion tunnels #1 and #3 and the drainage
tunnel, while drilling-and-blasting (DB) method was applied to the
excavation of diversion tunnels #2 and #4 and the two auxiliary
tunnels. The axes of the four diversion tunnels are nearly orthogonal
to the ridge axis of Jinping Mountain, as illustrated in Fig. 2. The
mountain drops steeply from its ridge axis with a large overburden,
where 76.7% of the overburden has a depth greater than 1500 m. Production and hosting by Elsevier B.V. This is an open access article under the
Fig. 1. Three-dimensional (3D) schematic diagram of the overall Jinping II project.
Fig. 2. The proﬁle of the Jinping II deep tunnel group.
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maximum depth of the Simplon Tunnel (2135 m), but slightly
smaller than that of the Sarrans hydroelectric power station
in France (2619 m). The excavation diameters of the tunnels of
the Jinping II hydropower station are 12.4e14.6 m, which are
considerably greater than that of the Sarrans project (5.8m) (Zhang,
2007).
The hydrogeological conditions along the deep tunnel group axis
of the Jinping II hydropower station are quite complex. As illustrated
in Fig. 3, the primary rock material found along the tunnel group is
Triassic marble, followed by sandstone, and a segment of green
schist hundreds of meters in length. According to an investigation
conducted in the auxiliary tunnel, the marble of different ages has
varying characteristics, and the marble of the Baishan group has
better integrity and stronger brittle characteristics. The maximumFig. 3. Simpliﬁed geological progeostress measured in the ﬁeld was 113.87MPa, and the ratio of the
minimum strength of the surrounding rocks to the geostress was
0.8. A large volume of karst groundwater with ultra-high pressure
was found in the alpine-gorge region,where themaximumexternal
water pressure was 10.22 MPa, with a maximum single-point
groundwater inﬂow rate of 7.3 m3/s.
The major technical difﬁculties involved the stability of the
tunnels and the permeability controlling of the surrounding rocks
under high geostress and high external water pressure conditions.
The challenges such as the prevention and control of strong rock-
burst, and the specialized treatments required for high external
water pressure and large-volume groundwater inﬁltration are
rarely reported. Therefore, the possibility for a successful comple-
tion of this project was considered questionable by many at the
beginning. In this circumstance, the HydroChina Huadong Engi-
neering Corporation began to excavate a 5 km-long test tunnel in
1991 in order to provide technical support for the safe construction
and operation of this project. By the end of 1995, the length of this
test tunnel was 4.168 km. In addition, two parallel auxiliary tunnels
were excavated at the elevation of the diversion tunnels for the
purposes of transportation, prospecting, and testing. The present
paper focuses on the prevention and control of strong rockburst
and groundwater treatments.
2. Mechanical behaviors of deep marble
Due to the unfavorable geological structures, the high geostress
has a considerable effect on the structural stability of the sur-
rounding rocks. Moreover, the secondary stress concentration of
rocks in the high-geostress ﬁeld after excavation further contrib-
utes to the complexity of the stress environment. Finally, the high
external water pressure poses a substantial challenge to the safe
and stable operation of the deep tunnel group. To understand the
mechanical behaviors of deep marble, various mechanical tests and
numerical simulations during excavation in response to the site-
speciﬁc geological conditions were conducted. Based on the data
acquired during excavation, the models and methods were
improved to ensure the safety of the tunnels during operation.
2.1. Testing technologies for determination of the characteristics of
deep rocks
For stress relief of rocks during excavation in high geostress
condition, rocks exhibit complex mechanical responses. Under-
standing the mechanical behaviors of deep rocks is the funda-
mental issue in deep rock engineering. For this, a number of tests
on deep rocks of Jinping II project were conducted.
2.1.1. Nondestructive sampling technique
Because the strength of the on-site marble is relatively low and
the initial geostress is relatively high, the rock is prone to damage in
the sampling process. Fig. 4 shows the recorded acoustic emission
(AE) events with respect to axial compressive stress for an on-siteﬁle along the tunnel axis.
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Fig. 4. AE events recorded in the compression process of marble sample.
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Fig. 6. AE events versus axial stress of a rock core obtained from a stress-relief hole.
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the conventional drilling method. When the axial compressive
stress is less than 20 MPa, the rock sample exhibits a clear
compression phenomenon, and notable AE events appear at the
early stage of testing. Obviously, in addition to the initial transverse
damage existing in the sample, some cracks nearly parallel to the
direction of applied compressive stress also exist, which lead to a
rapid increase in AE events. This indicates that rock samples ob-
tained at that depth using the conventional method generally have
initial damage. The distribution of the initial damage can affect the
mechanical behaviors and failure modes of the rock samples (Liu
et al., 2012a).
Fig. 5 shows a schematic diagram of the developed nonde-
structive sampling technique (Liu et al., 2012b). With this tech-
nique, the stress distributions in the rock mass of the sampling area
are adequately adjusted by drilling several holes one by one in
order to avoid damage to the rock sample. Figs. 6 and 7 respectively
show the recorded AE events with respect to the axial compressive
stress for on-site marble samples obtained at a depth of approxi-
mately 2000 m using the developed nondestructive sampling
technique. The former rock sample was obtained from a stress-
relief hole and the latter was obtained from a sampling hole (Liu
et al., 2012b). In Fig. 6, at the early stage of the test, AE events are
evidently concentrated, demonstrating the existence of initialStress relief hole
Sampling hole
Unit: mm
Fig. 5. The improved nondestructive sampling method.damage. This is similar to the test result given in Fig. 4. The peak
strength is 103 MPa. However, relatively few initial AE events are
observed in Fig. 7, and the ﬁrst AE event peak appears at a stress of
90 MPa, approximately 70%e80% of the peak strength of the rock.
The rock failure occurs at a stress of 118 MPa, which is greater than
the strength of the rock core obtained from the stress-relief hole.
2.1.2. In-situ testing techniques
The laboratory test can provide the mechanical behaviors of
small-scale rock samples. However, because the rocks have notable
differences at different scales, large-scale in-situ tests are required
to properly evaluate the mechanical behaviors of rock masses on
large scale (Zhang et al., 2014).
Due to the speciﬁc stress environments and mechanical be-
haviors of deep marble at the Jinping II project site, the mechanical
responses of rocks after tunnel excavation are substantially
different from those under the original conditions. The types of
damages to the deep brittle marble include rockburst, spalling, and
fracture-induced damage, which occur under the conditions of very
small deformation, making deformation-based methods inappli-
cable for evaluating and predicting the stability and safety of the
surrounding rocks. By comparison, the direct monitoring of sur-
rounding rock stress and fracture (AE or microseismic events) is of
practical signiﬁcance. Data obtained by these methods provide key
information for determining the mechanical characteristics of rock
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Fig. 7. AE events versus axial stress of a rock core obtained from a sampling hole.
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pects. The ﬁrst one is the stress change and the ﬁnal state of the
surrounding rock stress in the stress concentration area, and the
second is the fracture development and the ﬁnal state of the rock
mass that occurs in conjunction with the changes in the sur-
rounding rock stress. These two aspects are the main contents of
monitoring optimization. The in-situ test area is arranged near
transverse tunnel #2 at a depth of approximately 1850m, as shown
in Fig. 8. A testing adit approximately 50 m in length (denoted as
the monitoring tunnel in Fig. 8) was bored perpendicular to the
transverse tunnel, and therefore, parallel with the diversion tun-
nels, wherein the monitoring instruments were installed for
recording the responses of the surrounding rocks during excavation
of diversion tunnel #3 as the TBM approached, passed through, and
moved away from the test area (Chu et al., 2014). The speciﬁc
monitoring techniques employed are described as follows:
(1) Stress monitoring: The stress state of the surrounding rocks
during the tunnel excavation process was monitored to
provide basic data for studying the rock strength.
(2) AE monitoring: The positions and scope of micro-fractures
occurring during the stress adjustment of the rocks sur-
rounding the diversion tunnel were investigated to study the
rock damage (Chen et al., 2010).
(3) Wave velocity testing: Testing was conducted to determine
the excavation damaged zone (EDZ) and the position and
scope of the high stress area.
(4) Monitoring of rock deformation: The surrounding rock
deformation was evaluated by multipoint displacement
meter monitoring, and rock deformation was employed to
determine the EDZ of the surrounding rocks in conjunction
with the wave velocity test results.
(5) Digital borehole survey: Surveys were conducted to intui-
tively understand the macro-fracturing process in the sur-
rounding rocks.
The in-situ tests showed that rock deformation, variations of the
stress state, and microcrack initiation occur in the rock mass at a
distance ahead of the excavation face, about 1.2 times the diameter
of the diversion tunnel. The substantial changes in the stress state
of the rock mass also occur 2e10 m behind the tunnel face. The AE
data indicate that the greatest AE energy during tunneling is pro-
duced by the rockmass in a range from 5m ahead of the tunnel face
to 10 m behind the tunnel face, and the AE is basically stable when
the tunnel face is 10 m ahead of the AE monitoring section. The
results of optical ﬁber Bragg grating monitoring indicate that, in the
zone close to the wall where the rock mass is seriously damaged,
some superﬁcial microcracks still generate after the impact of
tunneling disappears. The most serious excavation-induced dam-
age occurs on the right spandrel, and the EDZ has a depth of about
3 m. The results of the multipoint displacement meter monitoringDiversion tunnel #4
Diversion tunnel #2
Tunneling direction
Test area
Diversion tunnel #3
60 m
60 m
Traffic tunnel
Monitoring tunnel
D=12.4 m
Fig. 8. Layout of the comprehensive in-situ testing conducted for large-scale rock
masses.show that the deformation of surrounding rocks during tunnel
excavation is not signiﬁcant.
Using in-situ pilot tests, we obtained an in-depth understanding
regarding the process of change and the ﬁnal state of the sur-
rounding rock stresses, the spatial locations of fractures formed
during adjustment of the surrounding rock stress, the displace-
ments of the surrounding rocks, and the EDZ depths. The testing
also provides ﬁrst-hand data for assessing the stability of the sur-
rounding rocks, and for optimizing the support design.
2.2. Mechanical behaviors of deep marble
2.2.1. Brittleeductileeplastic transition behaviors of deep marble
Under high geostress environments, the rock masses exhibit
complex mechanical behaviors (Zhang et al., 2010a, b). Fig. 9 shows
the triaxial stress-axial strain curves for marble samples with size
of 100 mm  50 mm of the Baishan group. It can be noted that the
conﬁning pressure has a signiﬁcant e ffect on the post-peak me-
chanical behaviors of the marble samples, which can be charac-
terized as follows (Zhang et al., 2011, 2014):
(1) As the conﬁning pressure increases, the difference between
the peak strength and residual strength decreases.
(2) When the conﬁning pressure is larger than 10 MPa, the
stressestrain curve does not drop rapidly after attaining the
yield strength, but exhibits a notable feature of ductility.
(3) When the conﬁning pressure is relatively high, the slope of
the curve falling from the peak strength to the residual
strength is substantially reduced.
(4) The brittleeductile transition of the marble is highly sensi-
tive to the level of the conﬁning pressure. Generally, when
the conﬁning pressure is larger than 6 MPa, ductility features
can be observed.
(5) At a relatively high conﬁning pressure beyond the yield
strength of the marble, the stressestrain curve is nearly
representative of the mechanical behavior of a plastic-
perfect material, and no notable stage of residual strength
is observed.
A brittleeductileeplastic model based on the HoekeBrown
failure criterion was developed to describe the brittleeductilee
plastic behaviors of deep marble, which are prominent with
increasing conﬁning pressure. The deformation and strength pa-
rameters employed to describe the brittleeductileeplasticFig. 9. Triaxial test results on marble of the Baishan group.
Table 1
The deformation and strength parameters used to describe the brittleeductileeplastic behavior of deep marble.
Uniaxial compressive
strength (MPa)
Young’s modulus,
E (GPa)
Poisson’s ratio mb s a
Peak Residual Peak Residual Peak Residual
140 60 0.27 9 10.5 1 0 0.5 0.65
Note: mb, s and a are the material constants of the rock mass.
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employed to simulate the triaxial compression tests. The resulting
axial stress-axial strain curves under different conﬁning pressures
are given in Fig. 10. As can be observed, when the conﬁning
pressure is 0, the stressestrain curve exhibits brittle behavior.
When the conﬁning pressure increases to 5 MPa, the model re-
ﬂects the brittleeductile behavior well. When the conﬁning
pressure increases to 30 MPa, the model can reﬂect the plastic
behavior as expected.2.2.2. Time effect of fracture propagation in deep marble
In hard rock tunnels under high geostress conditions, the scope
of surrounding rock fracture and relaxationwill continue to expand
over a considerable period of time. This phenomenon is denoted as
the time effect of fracture propagation, which is associated with the
long-term strength of hard rock materials. Potyondy (2007)
pointed out that the time effect of fracture propagation in the
surrounding rocks is inﬂuenced by three factors, i.e. the nature of
the rock, the level of stress applied, and the changes in environ-
mental factors such as the humidity and the presence of water.
Static fatigue test was employed to evaluate the time effect of
fracture propagation of deep marble samples. Static fatigue test
consists of two operational stages, i.e. initial loading and constant
loading. At the initial loading stage, the specimen is axially loaded
to a constant stress value that is determined according to the lab-
oratory test results of crack initiation. The axial load remains at this
constant value during the constant loading stage until the spec-
imen fails, and then the time to failure is recorded. Fig. 11 shows the
results of fatigue failure testing on marble samples of the Yantang
group. It can be observed that the time from initiation to failure
varies according to the stresses applied, exhibiting the time effect of
fracture propagation (Liu et al., 2012a).
According to the monitoring data obtained from the Jinping II
project in association with corresponding numerical analyses and
laboratory test results, the excavation of large cross-sectional hy-
draulic tunnels at great depth under high geostress conditions will
result in fracture and damage to the surrounding rocks. In addition,Fig. 10. Numerical results of the brittleeductileeplastic transition.the fracture propagation and strength of marble show signiﬁcant
time effects (Fairhurst, 2004; Liu et al., 2011a, b; 2013a, b; Zhang
et al., 2013). Therefore, the use of reinforced concrete lining is
required to improve the load bearing capacity of the surrounding
rocks. However, a single reinforced concrete lining is insufﬁcient to
increase the bearing capacity of the surrounding rocks, thus
grouting was employed in combination with the reinforced con-
crete lining in this project. This reinforcement method improves
the anti-permeability of the surrounding rocks, allowing for the full
utilization of the self-supporting capacity of the surrounding rocks.
Optimizing the arrangement of pressure-relief holes on the outside
of the lining allows the external water pressure and the force
applied on the lining to be reduced, ensuring the long-term safety
of the tunnel.
3. Combined load bearing system
The construction of the long, deep tunnels follows the principle
that the stability of the surrounding rocks should primarily rely on
their own self-supporting capacity. As such, the surrounding rocks
serve as the main load bearing structure, and the measuresFig. 11. Fatigue failure limit of marble of the Yantang group.
Fig. 12. The combined load bearing system.
Fig. 13. An example of fracture-induced damage to the surrounding rocks in a deep
tunnel of the Jinping II project.
Fig. 14. Simulated damage distribution of surrounding rocks at a depth of 2000 m.
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tion grouting are used to form the uniﬁed load bearing structure as
illustrated in Fig. 12. This structure provides triaxial conﬁning
pressure on the surrounding rocks, and ensures their stability near
the internal surface of the tunnel. In this circumstance, the sur-
rounding rocks under the conﬁning pressure are employed to bear
the geostress caused by tunnel excavation, as well as ensure the
safety and stability of the deep tunnels under high external water
pressure.
A dynamic design method is followed in the practical design of
the support structure. The pre-designed rock classiﬁcation system
and support parameters are used only as a reference in accordance
with the geological and construction conditions revealed in the
ﬁeld. The support structure is actively optimized by combining data
derived from on-site prototype monitoring and geophysical
exploration, the results of ﬁeld tests on new materials and new
testing technologies, and analysis of surrounding rock fracture and
damage.
3.1. The degree of surrounding rock damage and support depth
After deep tunnel excavation in the Jinping II project, the sur-
rounding rocks exhibit deformation, fracture-induced damage,
block failure, spalling, and rockburst. Among these responses,
fracture-induced damage, as shown in Fig. 13, is the most common,
and has the greatest impact on the support design.
The observed on-site failures of the surrounding rocks,
including spalling, joints, and fractures, are all manifestations of the
EDZ, and are also the primary basis for determining the fracture
depth by visual inspection. The scale of cracks in the EDZ is much
smaller than that in the fractured zone, and under normal cir-
cumstances, it is difﬁcult to detect these types of cracks by visualTable 2
Microscale properties of Jinping T52y marble.
Density
(kg m3)
Minimum
diameter (mm)
Particle
diameter ratio
Particle
modulus (GPa)
Parallel bond
strength (GPa)
2600 0.4 1.66 30 50
Stiffness
ratio
Normal
strength (MPa)
Tangential strength (MPa) Initiation
strength (MPa)
1.5 100  20 80  15 30inspection. As such, special monitoring techniques such as acoustic
testingmust typically be adopted to determine the scope and depth
of the damage (Read, 2004; Malmgren et al., 2007).
By comparing discontinuous and continuous discrete element
methods for studying surrounding rock damage, we selected the
discontinuous particle ﬂow code (PFC) for analyzing the depth of
fracture-induced damage in the surrounding rocks. The most
prominent advantage of the PFC is that it can directly describe the
evolution of internal rock damage. This is particularly important for
the analysis of hard rock damage under high geostress conditions,
facilitating the direct assessment and analysis of the EDZ, and the
in-depth, systematic interpretation of the damage mechanism (Cai
et al., 2001a; Martino and Chandler, 2004; Potyondy and Cundall,
2004; Liu et al., 2011a, b).
Table 2 lists the microscale properties of Jinping T52y marble
employed in the simulations. Figs. 14 and 15 show the damage
distributions of the surrounding rocks at depths of 2000 m and
2400 m, respectively. Table 3 summarizes the PFC calculation re-
sults of the EDZ depths for the surrounding marble at different
excavation depths. It can be seen from Table 3 that the EDZ depth
gradually increases with increasing excavation depth, but does not
exceed 4.2 m at an excavation depth of 2500 m. The 6 m-long bolts
can therefore meet the requirements for supporting the EDZ. Thus,
the damaged surrounding rock does not entirely lose its load
bearing capability. As such, longer bolts (6 m in length) are ﬁrst
used, and then shorter bolts that can penetrate through the rela-
tively thin EDZ are required. If this depth is set to 0.5 m, aFig. 15. Simulated damage distribution of surrounding rocks at a depth of 2400 m.
Table 3
PFC analysis results of the depth of fracture-induced damage for marble at different
depths.
Depth (m) EDZ depth (m)
1900 3.1
2000 3.3
2100 3.5
2200 3.7
2300 3.9
2400 4.1
2500 4.2
C. Zhang et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 499e512 505combination of 4.5 m-long bolts and 6 m-long bolts can meet this
requirement.
3.2. Selection of support system
Selecting the appropriate type of support system requires full
understanding of its mechanical behaviors. For example, the
Swellex bolt is a friction-type bolt that relies on the friction be-
tween the surrounding rock and the bolt to provide support. This
type of bolt can be quickly installed, which is suitable for rapid
support during the excavation of tunnel segments with a high risk
of rockburst and large cross-sections. However, such tunnel seg-
ments are also highly susceptible to the fracture of the surrounding
rocks. Under this condition, if a Swellex bolt is used, the surface
support and the anchoring force at the deep water-swelling
segment must work together to maintain the stability of the thin
layer of fractured rock. This places challenging demands on the
strength of the surface support, the bearing plate, and the
anchoring force of the Swellex bolt.
3.2.1. Supporting bolts
For the diversion tunnels at the Jinping II hydropower station,
the characteristics of different bolts were compared in consider-
ation of various factors, such as the speed and difﬁculty of instal-
lation, and the efﬁciency of on-site construction. Through testing,
the Swellex bolt, the regular mortar bolt, and the expanding-shell
prestressed bolt were employed on the construction sites.
Through ﬁeld tests and assessment of the overall effects of the three
bolt types, it was determined that (i) the Swellex bolt can be used as
the random bolt, and was most suitable for rockburst prevention
and control; (ii) the local expanding-shell prestressed bolt was
most appropriate for use as permanent support; and (iii) the reg-
ular mortar bolt was most appropriate for use as local permanent
support at later stages of excavation.
3.2.2. Supporting concrete
Field tests were performed using various new types of con-
cretes. Based on the results of these tests, silica fume and steel ﬁber
concrete were used as the primary types of supporting shotcrete.
For general high-geostress tunnel segments, addition of silica fume
and steel ﬁber to the shotcrete allowed the thickness of the primary
lining to be reduced. Moreover, the shotcrete hardens rapidly. In
this way, the deformation, relaxation, and failure of the surround-
ing rocks were effectively controlled.
3.2.3. High-pressure and seepage-proof consolidation grouting
In the construction process of the diversion tunnels at Jinping II
project, the consolidation grouting for different surrounding rock
materials was classiﬁed into four types, based on geological con-
ditions and engineering requirements. The ﬁrst type is a regular
consolidation grouting employed for fractured surrounding rocks,
in order to improve the mechanical behavior and load bearingcapacity of the rock mass, and to increase the impermeability of the
surrounding rocks. The second type is the consolidation grouting
employed for karst tunnel segments, which is used for prevention
to the leakage of internal water from leaking out after completing
the backﬁlling of concrete or mortar in the cavern. The third type is
a high-pressure and seepage-proof consolidation grouting. It is the
primary method for counteracting the high external water pressure
around the tunnel, controlling the stability of the seepage, and
reducing the amount of seepage. The fourth type is a shallow
consolidation grouting, which is designed speciﬁcally for the
widespread occurrence of relaxation, fracture, swelling, and failure
of the thin damaged layer in brittle marble tunnels under high
geostress. The shallow consolidation grouting combined with a
secondary lining provides a condition of triaxial pressure for the
deep surrounding rocks. This can increase the load bearing capacity
of the surrounding rocks, and also improves their anti-seepage-
proof performance.
3.2.4. Lining structure
Given that under high geostress, the fracture-induced damage
to the surrounding rocks is widespread and suffers continued
fracture with elapsed time. In this regard, the long-term stability
and safety of anchor-plate retention cannot be guaranteed. Thus, in
deep tunnel segments with high geostress, a reinforced concrete
lining is employed in combination with shallow consolidation
grouting to reinforce the surrounding rocks. This ensures that the
load, internal and external water pressures were effectively trans-
ferred to the surrounding rocks. Meanwhile, a high conﬁning
pressure is applied to the surrounding rocks, preventing the
development of internal rock mass relaxation, and improving the
peak and residual strengths of the surrounding rocks under the
triaxial conﬁning pressure.
3.2.5. External water pressure reduction technology
To ensure the long-term safe operation of deep tunnels, a
drainage tunnel is basically constructed between the diversion
tunnel and the auxiliary tunnel for discharge of groundwater. Un-
der extreme conditions such as rainstorms, the external water
pressure often increases sharply over a short period of time. To
address this problem, the consolidation grouting is applied to the
diversion tunnel to form an impermeable ring. In addition, the
water pressure relief holes are arranged in the lining structure in
order to rapidly balance and discharge the external groundwater, so
that the external water pressure on the outer margin of the lining is
maintained within an allowable range according to the design. This
ensures that the lining structure will not collapse due to excessive
external water pressure.
4. Comprehensive rockburst prevention and control
The diversion tunnels at the Jinping II hydropower station cut
through the Jinping Mountain. The maximum overburden pressure
is approximately 69.94 MPa (the maximum depth of 2525 m). In
most regions of the construction area, the strength to stress ratio of
marble is generally less than 2. The majority of the construction
area therefore meets the conditions for the occurrence of rockburst,
which is the predominant threat confronted during diversion
tunnel construction. An example is presented in Fig. 16.
4.1. Rockburst mechanism and conditions
The rockburst mechanism has become an issue of great concern
in rockmechanics, and has been the focus of a considerable number
of studies (Kaiser et al., 1996a; Cai et al., 2001b; Feng et al., 2013).
However, systematic investigation into themechanism of rockburst
Fig. 16. An example of strong rockburst in a deep tunnel of the Jinping II project.
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Program (CRRP) has divided rockburst into three types according to
their causes, i.e. strain burst, tectonic burst, and pillar burst (Kaiser
et al., 1996b; Kaiser and Cai, 2012).
4.1.1. Strain burst
Strain burst can be considered as a severe explosive disaster that
occurs when a concentrated stress exceeds the rock strength, andFig. 17. Spalling events observed at different tunnel depths.the sudden release of energy in relatively intact brittle surrounding
rocks causes rock failure. Strain burst is accompanied by crisp
sound, and the possible ejection of rock segments.
In the deep tunnels of the Jinping II project, the initial geostress
level of the rock mass generally increases with increasing depth,
and thus the risk of strain burst also increases. In Fig.17a, the tunnel
depth is 1300 m, and the maximum depth of rock failure caused by
strain burst is 30 cm. In Fig.17b, the tunnel depth is 1500m, and the
depth of rock failure caused by strain burst is as great as 40 cm. The
inset of Fig. 17b illustrates the resulting failure with respect to the
tunnel outline.
4.1.2. Tectonic burst
Tectonic burst results from structural slippage along a fault, and
the sudden release of accumulated high energy leads to local rock
mass failure (Zhou et al., 2015). Hence, for the occurrence of tec-
tonic burst, the following two basic conditions must be met:
(1) The distribution of the forces on the geologic structure must
be conducive to energy accumulation. At the start of under-
ground excavation, the forces upon the geologic structure
tend to be compressive and shear stresses. The maintenance
of a sufﬁcient conﬁning pressure meets the requirement of
energy accumulation, and the potential shear slip provides
the load of the slip failure.
(2) The geologic structure must have the ability to accumulate
energy. For a geologic structure ﬁlled with weak and soft
materials, the energy of compressive and shear stresses upon
the geologic structure can be dissipated through compres-
sion of the weak ﬁlling, and energy does not accumulate.
Thus, tectonic burst tends to be generated along the surfaces
of hard geologic structures. In particular, in the case of an
undulating surface structure or intermittent development,
the undulating region of the rock bridge becomes the site of
energy accumulation.
The rock mass along the deep tunnels of the Jinping II project
exhibits numerous geologic structures in different directions, sizes,
and states, as illustrated in Fig. 18. However, not all of these
structures can induce tectonic burst, and in fact only two groups of
geologic structures are related to tectonic burst. One group is the
steep joints with a dip direction toward the northeast, almost
perpendicular to the axial direction of the tunnel. The other group
is the moderate to low dip angle joints in the northeast direction.Fig. 18. An example of tectonic burst in a deep tunnel of the Jinping II project.
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To reduce construction time, tunnel excavations often begin
from opposite sides and meet in the middle. However, in tunnel
segments with high risk of rockburst, as the thickness of the rock
pillar between the opposite tunnel faces is reduced, the stress ﬁelds
in the rock pillar become increasingly superimposed, leading to
increasing stored strain energy. When the stored strain energy
exceeds a given threshold, pillar burst will occur.
Rock pillars were inevitably formed during construction of the
deep tunnels of the Jinping II project, as opposing excavation ac-
tivities approached one another. As shown in Fig. 19, the auxiliary
tunnels A and B cross each other in different parts of the core of
Jinping Mountain. When the two opposing tunnel faces were about
50 m apart, severe rockburst was observed during the excavation of
the rock pillar.4.2. Comprehensive rockburst early-warning
Currently, many rockburst early-warning methods have been
developed; yet only one single method or indicator was adopted in
most engineering projects. Because rockbursts occur randomly and
suddenly, it is difﬁcult to predict their occurrence by a single
method or indicator. It is also difﬁcult to provide an accurate early-
warning system that can indicate the level and location of a rock-
burst event, which remains an unsolved engineering problem,
although a large number of helpful practices and trials have been
conducted (Feng et al., 2012; Wu et al., 2015). Due to the complex
conditions in the deep tunnels of the Jinping II project, including
great depth, high geostress, intensive stress relief, and multiple
construction methods, rockburst early-warning is especially com-
plex and difﬁcult.
To solve this problem, a variety of rockburst early-warning
methods were used, including geological prediction, microseismic
monitoring, geophysical testing, numerical analysis, and empirical
evaluation, to acquire information for real-time monitoring and
early-warning of rockburst events. Speciﬁcally, the following
measures were employed for the Jinping II hydropower station:
(1) Prior to tunnel excavation, the risk of rockburst was identi-
ﬁed by zones according to the geological conditions.
(2) The risk of rockburst was further evaluated based on
observed rock damage and failure, other similar conditions of
the tunnel segment, and the inﬂuence of adjacent tunnel
segments excavated.Fig. 19. Failure caused by pillar burst as the opposing excavations of an auxiliary
tunnel approach each other.(3) The risk of rockburst in tunnel segments excavation was also
assessed by numerical simulations based on the geological
conditions, geostress ﬁeld distribution, and rock mass
behavior. A forecast was then made prior to excavation in
combination with the results of Step 2.
(4) The process of rockburst development was monitored and
tracked using real-time microseismic monitoring. In this
way, precursory seismic events prior to the occurrence of
rockburst were acquired, and used in turn for real-time
analysis and early-warning. The results were continuously
revised to improve the accuracy of the early-warning.
The information acquired from multiple sources was employed
according to the above steps to predict the level of rockburst risk,
and to establish corresponding countermeasures for avoiding on-
site disasters, thereby providing the maximum level of safety for
construction personnel.
4.3. Comprehensive method of rockburst prevention and control for
DB and TBM excavation
Most moderate to strong rockburst events that occurred during
the construction of the diversion tunnels of the Jinping II project
were tectonic bursts. Based on the rockburst mechanisms discussed
in Section 4.1, we propose the following guideline for compre-
hensive rockburst prevention and treatment that combines active
stress relief with passive control:
(1) The rapid maintenance of the conﬁning pressure on the
surrounding rocks in a tunnel to increase their energy stor-
age capacity (Liu et al., 2013a, b).
(2) The causes of energy release, dissipation, and transfer.
(3) Improving the ability of the rock support system to absorb
energy and adapt to deformation.
According to the above guideline, the overall principles of sup-
port design for the purpose of rockburst prevention and control can
be summarized as follows:
(1) The surrounding rocks should always be the main load-
bearing structure.
(2) The nano-shotcrete and Swellex bolt support should closely
follow the tunnel face to maintain the conﬁning pressure as
much as possible. This can limit the extent of fracture
propagation in the surrounding rocks, and effectively utilize
the ductility of marble.
(3) Take full advantage of the arch effect of the excavated tunnel
face, and promptly install expanding-shell prestressed bolt
support along the tunnel face to control rock failure induced
by high geostress.
(4) Employ the anchor-plate retaining system as subsequent
support for comprehensive reinforcement of EDZs.4.3.1. DB excavation
When tunneling using the DB method, timely active stress relief
and effectively passive support control were combined to ensure
safety when constructing deep tunnel segments with a high risk of
rockburst.
(1) Active stress relief
The artiﬁcial intervention of active stress relief is employed to
interfere with the stress concentration state inside the rock mass
ahead of the tunnel face to ensure the safety of subsequent
Fig. 20. 3D view of the stress distribution near an excavated rock face.
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included modiﬁcation in the shape of the tunnel face, and stress
relief blasting.
Modifying the shape of the tunnel face affects the distribution of
high stress zones in the vicinity of the tunnel face, as illustrated in
Fig. 20. Adapting the shape of the excavation face to the stress
distribution pattern helps to maintain the strength of the sur-
rounding rocks for controlling rockburst bymaintaining the level of
the conﬁning pressure.
Successful application of stress relief blasting, as illustrated in
Fig. 21, can help to dissipate stress concentrations residing ahead of
the tunnel face and surrounding the region through which the
tunnel will be subsequently extended, thereby reducing the risk of
strong rockburst. In addition, stress relief blasting can be imple-
mented in conjunction with conventional blasting to reduce its
impact on the construction schedule.
(2) Support control method
According to the mechanical behaviors of deep marble and
supporting systems, the support control methodology for rockburst
prevention and control can be summarized as follows:
(i) Rockbolts should have good resistance to the impact of
rockburst, and provide a strong supporting system. Studies
and practical experience have demonstrated that full-length
bolt has the optimal technical and economic advantages in
view of durability, supporting force, impact resistance, cost,
and convenience.
(ii) The support measures must be used to ensure construction
safety. Through ﬁeld practice and exploration, we selected a
combination of fast Swellex bolts and mechanical
expanding-shell prestressed bolts. These two types of bolts
can provide a rapidly installed support to the surrounding
rocks.
(iii) The support measures must be systematic and adapt to the
characteristics of unloading on the surface of theFig. 21. Stress relief blasting procedure.surrounding rocks under high geostress, and reduce the
damage caused by rockburst. All bolts employed in the
support system are using steel plates. These plates can be
pressed tightly against the steel mesh or the shotcrete layer
to increase the supporting effect of the bolts. In this way, the
bolts, the steel mesh, and the shotcrete form an integrated
structure. An integrated load bearing support system func-
tioning from the inside to the surface of the surrounding
rocks is therefore established.
(iv) Nano-materials added to the shotcrete can improve its fast
hardening capability, thereby increasing the thickness of
each shotcrete layer. Steel ﬁbers or organic imitation steel
ﬁbers added to the shotcrete can enhance the capacity of the
shotcrete layer to resist the impact of rockburst. These added
materials further increase the supporting force on the sur-
face of the surrounding rocks.
Through continuous ﬁeld tests and various practices, the com-
bined support system is ultimately established as follows. For the
prompt covering of the exposed rock surface with shotcrete con-
taining nano-materials, steel ﬁbers, or organic imitation steel ﬁbers,
water-swelling random bolts are applied for rapid application of a
supporting force. Then, mechanical expanding-shell prestressed
bolts are installed near the tunnel face, and serve as a local per-
manent support. Finally, regular mortar bolts with outer plates and
steel mesh, and secondary shotcrete reinforced with nano-
materials, steel ﬁbers, or organic imitation steel form a perma-
nent support system that remains some distance behind the tunnel
face.
4.3.2. TBM excavation
The general principle of combining active stress relief with
support control is also followed for TBM excavation. The initiation
of proactive prevention as well as control procedures andmeasures
can avoid strong rockburst during TBM excavation as possible. The
catastrophic rockburst-induced surrounding rock collapses that
may have severe effects on construction personnel safety and TBM
excavation should be eliminated.
(1) Low to moderate risk of rockburst
TBM excavation offers few activemeasures for rockburst control,
and their effects are rather limited. Because the application of stress
relief blasting to the tunnel face is impossible with this method,
adjustment of the tunneling parameters is the main active measure
for rockburst control during TBM excavation. By decreasing the
tunneling speed, adjusting the cutter pressure, and using other
measures, the disturbance caused by TBM excavation to the sur-
rounding rocks can be reduced, thereby reducing the risk of
rockburst.
Targeted support measures are also applied. The prompt appli-
cation of supporting structures to the surrounding rocks is achieved
by using ﬂexible steel mesh, applying nano-organic imitation steel
ﬁber reinforced shotcrete, installing mechanical expanding-shell
hollow prestressed or Swellex bolts, and other new materials and
technologies.
(2) High risk of strong rockburst
To ensure the safety of equipment and construction personnel
when employing TBM excavation for tunnel segments character-
ized by a high risk of strong to extremely strong rockburst, the
rockburst control plan for safe TBM tunneling was implemented as
illustrated in Fig. 22. In such tunnel segments, the DB method was
ﬁrst adopted to excavate a pilot tunnel, which was used to release
Fig. 22. Excavation of an advanced pilot tunnel in tunnel segments at high risk of
strong to extremely strong rockburst.
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advanced geological exploration tunnel, as well as a working face
for advanced preprocessing andmicroseismic monitoring. The pilot
tunnel therefore provided a practical platform for advanced
detection, monitoring, analysis, and processing of strong to
extremely strong rockbursts prior to TBM excavation. The pilot
tunnel scheme can effectively overcome the limits against strong
rockburst when using TBM excavation.
5. Identiﬁcation and treatment for high external water
pressure and large-volume groundwater inﬁltration
As illustrated in Fig. 23, groundwater conditions during the
excavation of the diversion tunnels of the Jinping II project were
characterized by high pressure, large volume, and variable inﬂows.
For the 5 km-long test tunnel, the maximum external water pres-
sure was 10 MPa. During the construction of the diversion tunnels,
42 exposed groundwater inﬁltration points having a groundwater
inﬂow greater than 0.05 m3/s were observed. Among these 42
points, 7 inﬁltration points had a groundwater inﬂow greater than
1 m3/s, and the maximum single-point groundwater inﬂow was
4.17 m3/s. In the auxiliary tunnel, the maximum single-point
groundwater inﬂow was 7.3 m3/s. Water inﬁltration not only af-
fects the safety and stability of the lining structure of the hydraulic
tunnels, which poses a technical challenge for the design of deep
tunnel support structures, but also introduces substantial difﬁ-
culties, which severely delays the progress of construction (Wu
et al., 2007).
The following principles should be used during the construction
of diversion tunnels to address the issue of groundwater: (i)Fig. 23. An example of high-pressure and large-volume groundwater inﬁltration
during tunnel excavation.excavation was performed after hydrogeological exploration; (ii)
the blocking of inﬁltration points was combined with groundwater
discharge; (iii) groundwater dischargewas then controlled; and (iv)
groundwater plugging at a good opportunity. For inﬁltration points
exhibiting high-pressure and large-volume groundwater ﬂow, we
should consider whether or not inﬁltration blocking efforts are able
to meet the requirements of the construction project, and whether
or not the requirements for the concrete lining can be met to
provide adequate conditions for subsequent construction. In addi-
tion, the adverse effect of a rising groundwater level on the stability
of the surrounding rocks after the blockage of large inﬁltration
points should also be considered.
5.1. Techniques for hydrogeological exploration in the alpine-gorge
karst region
Carbonate rock formations are widely distributed in the vicinity
of the Yalong River bend. Due to the distinctive nature of this area,
the degree of karst development is relatively weak, and the typical
karst morphology is rarely observed. Through systematic investi-
gation of the site-speciﬁc geological conditions, karst development,
karst water dynamics, karst water tracing test, and high-pressure
and low-temperature corrosion tests on marble, the construction
area is divided into various karst hydrogeological units as per the
degree of karst development. Examinations of groundwater ﬁlling,
runoff and discharge in association with 3D seepage ﬂow ﬁeld
analysis of karst development for different karst hydrogeological
units were performed. The instantaneous maximum groundwater
inﬂowand stable groundwater inﬂow in the diversion tunnels were
also calculated.
On the basis of the karst hydrogeology, three analytical
methods, i.e. hydrogeological analogy method, water balance
method, and 3D seepage ﬂow ﬁeld analysis, were combined to
predict the stable groundwater inﬂow. In the absence of seepage
prevention measures, the predicted total steady ﬂow of the two
auxiliary tunnels was calculated to be 10e13 m3/s, and the total
steady ﬂow of the seven tunnels of the deep tunnel group was
27.43e29.93m3/s. However, in the actual construction, water ﬁlling
or blocking implemented for some of the inﬁltration points alters
the conditions of the prediction, and hence the prediction results.
The external water pressure on the diversion tunnels attained a
maximum value of 10 MPa (Ren et al., 2004), which was compa-
rable to the external water pressure on the 5 km-long test tunnel.
The maximum single-point groundwater inﬂow was 5e7 m3/s.
5.2. Techniques for comprehensive geological forecasting of
groundwater
Great attention has been paid to tunnel construction and to
determination of the moisture content of the geological body in
advance. A number of methods have been developed for detecting
karst water and ﬁssure water, including the hydrogeological
method, ground penetrating radar (GPR) technology, infrared
technology (measuring rock temperature), and the transient elec-
tromagnetic method. Among these methods, GPR technology is
sensitive to water, which is an effective groundwater search
approach. However, the exploration distance from the tunnel sur-
face is relatively short (typically less than 30 m), and data pro-
cessing and interpretation are difﬁcult. Additionally, GPR is
susceptible to interference from metal objects in the tunnel, which
can affect the prediction result.
In this case, we established the prediction criteria using various
methods, including the formation-relative permittivity assay, the
U-shaped test line layout method, the geological structural surface
detection method, the GPR ﬁrst wave phase method, the tunnel
Fig. 25. Diversion decompression grouting for groundwater inﬁltration blocking.
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presence of groundwater inﬁltration using GPR technology. To
further explore the spatial range of water-bearing structures on a
ﬁne scale, we employed a method for predicting the existence of
water-bearing structures using borehole radar, which is illustrated
in Fig. 24. With this method, a spatial range of 30 m in diameter
ahead of the tunnel face can be evaluated, and the precision and
resolution are far greater than those of standard geophysical
methods. As a result, blind spots that cannot be accurately evalu-
ated with regular geophysical methods can also be identiﬁed. The
advanced, accurate forecasting of groundwater was achieved with a
accuracy of 95%.
We also established a comprehensive multi-step forecasting and
early-warning system for karst tunnels based on the testing results
obtained from macro-geological forecasting (engineering geology
methods), long-term geological prediction distances of 50e200 m
(engineering geology methods and TSP), and short-term geological
prediction distances of 0e50 m (GPR and transient electromagnetic
method) (Li et al., 2007). During the construction period, the ac-
curacy of the interpretation was improved by combining on-site
feedback obtained for each forecasting step, and a corresponding
advanced geological forecasting report was submitted. Appropriate
early-warning plans and countermeasures were established
accordingly to ensure the safety of tunnel construction.5.3. Technologies for comprehensive groundwater treatment
The types of groundwater encountered during diversion tunnel
construction primarily include seepage drip from fractured rock
masses, linear ﬂow, and concentrated inﬁltration. The treatment for
seepage drip and linear ﬂow groundwater is relatively fast and easy
due to their low ﬂow rate and pressure. As such, these two types of
groundwater have aminor effect on the construction process. In the
present project, water plugging was the primary treatment method
employed for inhibiting seepage drip and linear ﬂow groundwater,
facilitating the construction of the concrete lining. However, much
time and effort are required for treating high-pressure concen-
trated groundwater inﬁltration points owing to the absence of
mature treatment methods, which represents a constraint on safe
deep-tunnel construction. To solve this issue, a design of dynami-
cally coordinated exploration, blocking, and discharge was
employed based upon a well-established treatment guideline.
For the technical difﬁculty of treating exposed high-pressure
concentrated groundwater inﬁltration with an inﬂow less than
1 m3/s, we employed the diversion decompression technique
illustrated in Fig. 25 to reduce the pressure and inﬂow rate of
groundwater at the inﬁltration points, and to control the water
pressure near the inﬁltration points. This can gradually block the
inﬁltration points, and ﬁnally grouting can be used to fully block the
strong concentrated groundwater inﬁltration. A groundwater
inﬁltration point before and after blockage is illustrated in Fig. 26aFig. 24. Prediction of water-bearing structures using borehole radar.and b, respectively. With this blocking technique, the construction
process is speeded up and the risk of water inrush is reduced.
Application of this method has shown that the treatment time was
generally reduced by 1e2 months.
For the technical difﬁculty of treating exposed high-pressure
groundwater inﬁltration with an inﬂow greater than 1 m3/s, a
blocking technique was employed, as illustrated in Fig. 27. This
technique allowed the successful blockage of high-pressure
groundwater with inﬂow value of 7.3 m3/s. The application of this
technique also involved the independent development of a grout-
ing technique of mixing cement slurry and water glass outside the
hole. Several practical and effective high-pressure grouting devicesFig. 26. An example of a concentrated groundwater inﬁltration point (a) before and (b)
after treatment.
Fig. 27. Blocking of a high-pressure and large-volume groundwater inﬁltration point.
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grouting plug, and a sealing device. With this set of treatment
technologies, we were able to control the grouting solidiﬁcation
time, which greatly improved the anti-dispersion capability of the
slurry, and addressed the challenging issue imposed by high-
pressure and large-volume groundwater inﬁltration in the Jinping
II project.
6. Conclusions
The Jinping II hydropower station has been operating in good
condition since it was completed in 2014. According to the in-
spection results obtained during diversion tunnel construction, as
well as the monitoring data obtained during operation, the stress
and deformation of the bolts, the stress of the reinforcement in the
concrete lining, and the concrete lining strain are all stable. The
maximum external water pressure obtained from osmometer
measurements meets the requirements of structural safety. No
failure has been observed along the diversion tunnels during
operation. This suggests that the measures used to treat various
major risks encountered during project construction have ensured
the stability and structural safety of the surrounding rocks. The
achievements can be summarized as follows:
(1) Nondestructive sampling technology has been developed to
investigate the characteristics of cracking and initial damage
to rock cores caused by unloading under high geostress.
Techniques for in-situ testing of deep rocks, which are pri-
marily based on AE monitoring, stress monitoring, optical
ﬁber Bragg grating monitoring, and acoustic wave velocity
testing, have been developed and employed. The developed
nondestructive sampling and in-situ measurements were
employed to fully characterize the formation and develop-
ment of EDZs, and to evaluate the mechanical behaviors of
deep rock masses at multi-scale with high-precision.
(2) The time effect of marble fracture propagation, the brittlee
ductileeplastic transition of marble, and the temporal
development of rock mass fracture and damage induced by
high geostress have been characterized. A brittleeductilee
plastic transition constitutive model based on the Hoeke
Brown failure criterion was established for accurate simula-
tion of the complex mechanical behaviors of deep rocks.
(3) On the basis of understanding of the interaction between the
support and the surrounding rocks under high geostress
conditions, appropriate types of support systems were
selected, and a combined load bearing systemwas designed.
(4) The mechanism of rockburst, e.g. strain burst, tectonic burst,
and pillar burst has been identiﬁed, and a rockburst risk
early-warning system that integrates geological forecasting,
microscopic interpretation, microseismic monitoring, and
empirical assessment was developed. The safe constructionof deep tunnels was achieved under a high risk of strong
rockburst using active measures, such as stress relief blast-
ing, tunnel face modiﬁcation, and the use of pilot tunnels, to
dissipate and transfer the energy accumulated in the sur-
rounding rocks.
(5) Techniques for the survey of karst hydrogeological condi-
tions in the alpine-gorge region were combined with
methods for the ﬁne exploration of water-bearing structures
to establish an integrated forecasting and early-warning
system for evaluating the risk of catastrophic groundwater
inﬁltration events during the process of deep tunnel con-
struction. A complete set of technologies for treatment of
high-pressure and high-volume groundwater inﬁltration has
been developed.Conﬂict of interest
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